Metyrapone testing, a provocation of hypothalamicpituitary-adrenocortical (HPA) axis function, was performed in 39 in
Illicit opiates and cocaine continue to pose major public health threats from a number of perspectives, from the direct psychosocial consequences of addiction to these drugs to the medical consequences, ranging from overdose deaths to such longer-term considerations as infection with HIV and Hepatitis C. Although indicative of only the tip of the iceberg (given that most heroin and cocaine users do not visit emergency rooms) Drug Abuse Warning Network data indicate that emergency room "mentions" related to heroin and cocaine use have risen steadily over the last decade (Drug Abuse Warning Network data 1999). Although pharmacotherapy with the opioid agonist methadone has been demonstrated to be a safe and effective treatment for opiate addiction (Dole and Nyswander 1965; Dole et al. 1966; Kreek 1992; NIH consensus statement 1997) , and the agonists LAAM and buprenorphine are proving useful as additional treatment agents, no pharmacotherapy has been demonstrated to be specifically effective in the treatment of cocaine addiction. Furthermore, cocaine addiction is commonly seen comorbidly with, and complicates the treatment of, opiate addiction. Cocaine abuse has been demonstrated to be reduced in parallel, although not to the same degree as opiate use, in opiate addicts during effective methadone maintenance treatment ) in large part because of the psychosocial benefits of long-term treatment. However, it is unknown to what extent reduction in cocaine use is a consequence of the neurobiological effects of long-term treatment with methadone in dually addicted patients.
Our group and others have hypothesized that alterations in responsivity to stress, reflected in and perhaps driven by, abnormal function of the hypothalamic-pituitary-adrenal (HPA) axis, are integral to the vulnerability to, acquisition and maintenance of, relapse to, and treatment of heroin and cocaine addictions (Kreek 1972 (Kreek , 1973 (Kreek , 1992 (Kreek , 1996 Cushman and Kreek 1994 , Kreek et al. 1983 , 1984 . Alterations in HPA axis function can be assessed using a number of probes, alone or in combination, to stimulate or inhibit activity at different control points of the axis. Metyrapone is an 11-␤ -hydroxylase inhibitor that can be administered orally to block cortisol production in the adrenals, removing negative feedback normally exerted by endogenous glucocorticoids and providing an indirect stimulation to the axis. Metyrapone administration thus produces an HPA axis response paralleling that which is normally precipitated by stressors.
In earlier work from our laboratory, metyrapone testing has been used to assess HPA axis stress-responsivity in different stages of heroin addiction, as well as during methadone maintenance treatment. In the most common pattern of active heroin addiction, addicts administer several daily doses of this relatively short-acting opiate, resulting in multiple steep peaks in brain opiate levels. Metyrapone testing in active heroin users has demonstrated reduced HPA axis activation, with flattened or reduced circadian rhythms of adrenocorticotropin hormone (ACTH) and cortisol, and lowered basal levels (Kreek 1972 (Kreek , 1973 (Kreek , 1992 (Kreek , 1996 Cushman and Kreek 1974) . Using the metyrapone test as an indicator of HPA axis responsivity in cocaine addicts during early and protracted abstinence, our group reported an increased responsivity, observed both in patients dependent on cocaine alone and in those who were also opiate-dependent former heroin addicts in long-term methadone maintenance treatment (Schluger et al. 1997) .
In the present study, we describe apparently altered HPA axis function in methadone-maintained former heroin addicts with comorbid cocaine addiction, in comparison with both normal volunteers and with stable methadone-maintained former heroin addicts with no ongoing illicit drug use.
SUBJECTS AND METHODS
The study was approved by Institutional Review Board of the Rockefeller University Hospital General Clinical Research Center (NIH-GCRC) with written informed consent obtained before participation and strict maintenance of confidentiality. Normal volunteers were recruited from the local community by word-of-mouth and advertisement. Methadone-maintained patients without and with ongoing cocaine dependence were recruited from local methadone maintenance clinics. Diagnoses for medical and psychiatric inclusion and exclusion criteria were made by clinical interview, physical examination, and review of laboratory and corroborative data performed by laboratory internists and psychiatrists trained in addiction medicine. Subjects underwent outpatient physician's evaluations, including general medical, psychiatric, and substance abuse histories, physical examination, chest X-ray, EKG, and laboratory testing including complete blood cells counts, serum electrolytes, creatinine, blood urea nitrogen, liver function tests, thyroid function tests, hepatitis A, B, C serologies, VDRL, urinalysis, and serum pregnancy tests in females. Patients recruited from methadone clinics gave consent to speak with counselors so that histories could be verified. Because HIV-1 infection is known to alter specific functions of the neuroendocrine systems under study, subjects were counseled about, and gave informed consent for HIV testing. Urine was collected on each of the outpatient visits and on a 24-hour basis during inpatient studies; aliquots were tested for the presence of mixed opioids, methadone, cocaine, cannabinoids, or benzodiazepines. Subjects were enrolled in the study and allowed to remain only if outpatient and inpatient urine toxicology results were negative, except for methadone in the appropriate groups, and cocaine in the cocaine-using methadonemaintained former heroin addicts.
The study population consisted of three groups: C-MM ( n ϭ 8, 7 male, 1 female) actively cocaine-using methadone-maintained former heroin addicts who had a DSM-IV axis I diagnosis of cocaine dependence, ages 24.2 and 46.1 years (mean, SD: 31.9, 7.) of which seven were cigarette smokers, and one a nonsmoker; MM ( n ϭ 10, 8 male, 2 female) stabilized former heroin addicts in methadone maintenance without DSM-IV axis I diagnosis other than opiate dependence, ages 18.3 to 55.1 years (32.3, 12. 2) (seven smokers, three nonsmokers), and NV ( n ϭ 21, 14 male, 7 female) normal healthy volunteers ages 22.0 to 47.4 (34.1, 7.8), 10 smokers, 11 nonsmokers. Subjects were free of significant active medical problems, were HIV antibody negative, and did not meet DSM-IV criteria for an axis I diagnosis other than the specific substance-related diagnoses in the defined groups. All former heroin addicts, without or with cocaine dependence, were in a methadone maintenance treatment program for heroin dependence for a minimum of 6 months, and on the same dose of methadone for at least 1 month before the study (MM: mean methadone dose, range: 80.0 mg, 20-110 mg; C-MM: 72.5 mg, 60-90 mg).
Patients in the C-MM group had long histories of cocaine addiction for more than 5 years, and were using cocaine heavily and regularly for at least the month before hospital admission. Five of the C-MM subjects underwent metyrapone testing on the second or third day of admission, while three subjects spent longer periods of time on the unit before testing. Thus, C-MM subjects were tested after a brief period of abstinence from cocaine in a controlled setting ranging from 1 to 25 days (median ϭ 2 days). Other illicit drugs and alcohol were not used to a sufficient extent to meet criteria for abuse or dependence. All subjects were medication-free (except methadone in methadone-maintained patients) for at least 7 days before the study. All subjects (from all three groups) were admitted to the hospital at least 1 day before testing.
Metyrapone testing was carried out in the subjects' hospital rooms. Subjects received nothing by mouth except water for at least 9 hours before testing. At 9:00 A . M ., 2.25 grams of metyrapone (Metopirone, Novartis) was administered orally, with 30 cc of an oral antacid to minimize gastrointestinal upset. Methadone-maintained patients received their daily dose of methadone at 10 A . M ., and all subjects were allowed to eat at 11 A . M .. Subjects who smoked were not permitted to do so until 1 P . M .. Plasma ACTH and cortisol levels were determined in blood sampled at 9:00 A . M . (just before metyrapone administration, and at 1 and 5 P . M . (4 and 8 hours following). Blood was drawn into sodium ethylenediaminetetra-acetic acid (EDTA) vacutainers and stored on ice for up to 40 min until centrifuged at 4 Њ C at 3,000 rpm for 5 min. Plasma was then removed, aliquoted, and stored at Ϫ 40 Њ C until assayed. ACTH and cortisol levels were determined in duplicate by radioimmunoassay procedures, with slight modifications (ACTH: Nichols Institute, San Juan Capistrano, CA; cortisol: Diagnostic Products Corporation, Los Angeles, CA). ACTH intra-and interassay coefficients of variation were 9.4 and 15.1%, respectively. Cortisol intraand interassay coefficients of variation were 2.5 and 6.0%, respectively.
STATISTICAL ANALYSIS
A one-way analysis of variance (ANOVA) showed there was no significant difference in age among NV, C-MM, and MM. A two-tailed t -test showed there was no significant difference between methadone dose between MM and C-MM. Because distribution of sex and smoking status was not equivalent in the three subject groups, the effect of these factors on ACTH response to metyrapone was first examined in the normal volunteers among whom there were a significant number of subjects for each factor (7 females, 14 males; 10 smokers, 11 nonsmokers). Two-way ANOVA of area under the curve (AUC) for ACTH showed there was no effect of gender or smoking, nor was there a significant interaction, F(1, 17) Ͻ 1, in each case. Similarly, no effects of gender or smoking status were found for the cortisol response to metyrapone in normal volunteers. Cortisol levels were not determined in one subject from the C-MM group, because of a technical problem.
Because age and methadone dose were evenly distributed between groups, and gender and smoking status were found by statistical analysis not to have a significant effect on the test results within the control subjects, these factors were not used in the analyses of differences between groups.
Levels of ACTH and cortisol were each examined by a two-way ANOVA (Group by Time) with repeated measures on the last factor, followed by NewmanKeuls post-hoc tests when appropriate. Area under the curve from 9 A . M . to 5 P . M . of ACTH and of cortisol was calculated for each subject, and differences between groups were examined by one-way ANOVA. To examine the relationship between ACTH and cortisol, linear regression analysis was used.
RESULTS
Individual, mean ( Ϯ SEM), and AUCs for plasma ACTH levels in response to metyrapone testing for the three study groups are illustrated in Figures 1, 2 , and 3.
Two-way ANOVA of plasma ACTH levels at 9 A . M . (preceding metyrapone administration) showed there was no significant difference between groups. Twoway ANOVA of plasma ACTH levels showed a significant group effect F(2,36) ϭ 5.54, p Ͻ .01; a significant effect over time F(2,72) ϭ 34.21, p Ͻ .000001; and a significant Group by Time interaction F(4,72) ϭ 4.44, p Ͻ .005. Newman-Keuls post-hoc tests showed that C-MM had greater responses than NV ( p Ͻ .01) as well as greater than MM ( p Ͻ .05); whereas, there was no significant difference between NV and MM. Similarly, one-way ANOVA of AUC for ACTH showed a significant group effect F(2,36) ϭ 6.86, p Ͻ .005. Again, Newman-Keuls post-hoc tests showed that C-MM had greater responses than NV ( p Ͻ .005) as well as greater than MM ( p Ͻ .02); whereas, there was no significant difference between NV and MM.
Mean plasma levels of cortisol responses to metyrapone are illustrated in Figure 4 . Two-way ANOVA of plasma cortisol levels showed a significant group effect F(2,34) ϭ 5.71, p Ͻ .01; and a significant effect over time F(2,68) ϭ 56.88, p Ͻ .000001. NewmanKeuls post-hoc tests showed that C-MM had lower plasma levels of cortisol after metyrapone administration than NV ( p Ͻ .005) as well as than MM ( p Ͻ .01); whereas, there was no significant difference between NV and MM. Here again, one-way ANOVA of AUC for cortisol showed a significant group effect F(2,35) ϭ 4.72, p Ͻ .02. Newman-Keuls post-hoc tests showed that C-MM had lower cortisol levels than NV ( p Ͻ .02) as well as than MM ( p Ͻ .01); whereas, there was no significant difference between NV and MM.
When the magnitude of the reductions in plasma cortisol levels for each subject from 9 A . M . to 1 P . M . and from 9 a.m. to 5 P . M . were examined, no significant differences were found between the three groups. Also, there were no significant correlations between AUCs for cortisol and ACTH, either within each subject group, or for all subjects; that is, despite lower postmetyrapone cortisol AUCs in the C-MM, amount of cortisol suppression did not predict ACTH response. 
DISCUSSION
As an orally bioavailable opiate with slow absorption and a long half-life, methadone, administered daily provides the brain with a relative steady state of exogenous opiates, compared to the "on-off" phenomena resulting from multiple administrations of rapidly distributed, short-acting, addicting opiates, such as heroin. Our group has demonstrated normalization of HPA axis function during stabilization in long-term methadone-maintenance treatment. Basal ACTH and cortisol levels were found to be within normal limits, and metyrapone testing causes HPA axis activation comparable to that observed in normal volunteers (Kreek 1972 (Kreek , 1973 (Kreek , 1992 (Kreek , 1996 Kreek et al. 1983 Kreek et al. , 1984 . Although opiates have been shown to suppress HPA axis activity in humans acutely, and opiate withdrawal is as- sociated with HPA axis activation, acute cocaine administration is associated with HPA axis activation (Mendelson et al. 1992a) . Although basal plasma ACTH and cortisol levels have been reported to be increased in cocaine addicts on the day of hospital admission (Vescovi et al. 1992), levels of these hormones have been reported to be in the normal range after a brief period of abstinence (Mendelson et al. 1988 , Baumann et al.1995 .
In response to metyrapone-induced removal of endogenous glucocorticoid feedback inhibition, methadone-maintenance patients with ongoing cocaine dependence had greater HPA axis activation in the afternoon of this study than either normal volunteers or stable methadone-maintained patients with no ongoing illicit drug use, whose responses to metyrapone were comparable. In humans, in addition to interacting with serotonergic, noradrenergic, and dopaminergic systems, the HPA axis has been determined to be under inhibitory control by endogenous opioids as well as by endogenous glucocorticoids. Removal of endogenous opioid tone by the administration of opioid antagonists has been demonstrated to result in significant HPA axis activation (Volavka et al. 1979) , and administration of antagonists with different opioid receptor subtype affinities suggests that endogenous kappa-and perhaps delta-, as well as mu-opioids, play a role in HPA axis control . With endogenous glucocorticoid inhibitory tone removed after the administration of metyrapone, opioids play a significant inhibitory role in HPA axis function. Initially developed as a measure of pituitary reserve (Liddle et al. 1959) , the response to metyrapone administration may, in part, reflect endogenous opioid inhibitory control of HPA axis function.
Previous work from our laboratory has demonstrated that the neuroendocrine responsivity to metyrapone administration is related to clinical status, with regard to active illicit drug use, abstinence, or stabilization during effective treatment. During active heroin addiction or early in methadone-maintenance treatment, when doses of methadone are increasing, the pituitary response to the removal of glucocorticoid negative feedback is blunted. However, as was replicated in the present study, during long-term stabilization in methadone maintenance, with cessation of illicit drug use, and with the accompanying decreasing preoccupation with illicit drug use seen clinically, responsivity to metyrapone administration normalizes. Furthermore, abstinence from opioids in dependent individuals is associated with HPA axis activation, which has been demonstrated to occur concomitantly (Rosen et al. 1996) or even precede subjective symptoms of withdrawal (Culpepper-Morgan et al. 1992, Culpepper-Morgan and .
High rates of relapse, often stress precipitated, have been documented among opiate addicts who complete detoxification from illicit opiates and attempt to remain drug free without ongoing treatment with long-acting opioid pharmacotherapy (e.g., methadone). We hy- pothesize that the findings of this study may be related, in part, to alterations in opioid modulation of stress responsivity, with an inadequate opioid tone being integral to the high rates of relapse as well as to the sequelae of opiate withdrawal. Alterations in opioid control of stress-responsivity may predate and/or be a consequence of drug exposure, and may involve defects at one or more of a number of control points of opioidergic neurotransmission, including opioid peptide translation and processing, as well as receptor regulation and function. For example, our group has recently demonstrated genetic polymorphisms resulting in changes in structure and function of the mu-opioid receptor, including altered ␤-endorphin binding and signal transduction (Bond et al. 1998) .
Although the illicit drug-free former heroin addicts in methadone maintenance in this study had responses to metyrapone comparable to normal volunteers, those who were dependent on cocaine had greatly exaggerated ACTH release. In a preliminary study, we reported previously that cocaine-dependent patients (some of whom were dependent on cocaine alone; whereas, others were illicit opiate-free former heroin addicts in methadone maintenance) had an exaggerated neuroendocrine stress response as reflected in increased release of ␤-endorphin after the administration of metyrapone (Schluger et al. 1997 ). The present study confirms this report and extends its findings, with both normal volunteers and illicit drug-free methadone-maintenance patients included as controls. Cocaine dependence, then, as with opiate addiction, may be associated with abnormal endogenous opioidergic function, in this study manifesting as exaggerated HPA axis responsivity to the removal of inhibitory glucocorticoid tone by metyrapone administration.
Interestingly, C-MM had lower postmetyrapone cortisol levels than either MM or normal volunteers. This finding is probably related to the lower baseline levels of cortisol in a group of C-MM reported in preliminary analysis of an ongoing study (Aouizerate et al. 1998 ), although differences in baseline were found in the afternoon of that study. Morning hormonal differences in that study were not significantly different, as in the present study. Although this might be viewed as a potential confound; that is, the greater ACTH responses seen in this group being attributable to the lower cortisol levels, there were no correlations between postmetyrapone cortisol and ACTH, either within each subject group or for all subjects in the study. Furthermore, although cortisol levels were lower in C-MM, as a group, the amount of metyraponeinduced reduction in cortisol from 9 A.M. to 1 P.M. or 5 P.M. was comparable in all three groups. These findings indicate that rather than being attributable to the magnitude of cortisol reduction, the degree of HPA axis activation seen in this study was related to removal of all relative glucocorticoid inhibitory tone by the administration of metyrapone.
Work from our laboratory in a rodent model has demonstrated that chronic binge pattern cocaine is associated with alterations in opioid systems with changes in receptor density, as well as in gene expression of specific opioid receptors, in specific brain regions (Unterwald et al. 1992 (Unterwald et al. , 1994 Spangler et al. 1996; Yuferov et al. 1999) . In humans, mu-opioid receptor binding detected by positron emission tomography (PET) using 11 C-carfentanil, has been demonstrated to be increased in several brain regions of cocaine addicts, after 1-4 days of abstinence (Zubieta et al. 1996) , and kappa-opioid receptor density measured autoradiographically has been demonstrated to be increased in brain tissue of cocaine overdose victims (Mash and Staley 1999) .
Another brain system that may be affected by cocaine-induced alterations in opioidergic function is dopaminergic neurotransmission. Microdialysis studies in rodents have demonstrated that administration of the endogenous kappa opioid ligand dynorphin A1-17 directly to the nucleus accumbens causes a significant reduction in basal levels of dopamine in the extracellular fluid (Claye et al. 1997) , and synthetic kappa opioid receptor ligands may directly reduce dopamine levels in extracellular fluid in the caudate putamen, nucleus accumbens, and related brain regions (Spanagel et al. 1990 ). In humans, prolactin release, under tonic inhibition by tuberoinfundibular dopamine, may be used as a peripherally accessible window into some aspects of central dopaminergic tone. Our group demonstrated that the administration of dynorphin A(1-13), the shortened form of the endogenous kappa opioid dynorphin A(1-17) resulted in elevated prolactin levels in normal human volunteers, and that this effect was mediated by a kappa opioid mechanism . In a preliminary analysis of an ongoing study, our group reported on cocaine-induced alterations in opioidergic modulation of prolactin release. When dynorphin A(1-13) was administered to methadone-maintained former heroin addicts with ongoing cocaine addiction, prolactin release was lower than either normal volunteers or methadone-maintained former heroin addicts with no ongoing drug use . Thus, cocaine administration may be associated with alterations in opioid-mediated dopaminergic tone in humans as well.
In animal models, stress has been demonstrated to reinstate cocaine seeking in drug-free, formerly cocaine-exposed animals (Erb et al. 1996) . Recently, Sinha et al. have described a human experimental paradigm demonstrating personalized stress imagery-induced cocaine craving, associated with significant increases in cortisol in cocaine-dependent patients, extending the previously well-documented association between psychological stress and HPA axis activation (Sinha et al. 1999 ). The HPA axis hyper-responsivity to metyraponeinduced removal of glucocorticoid negative feedback in the present study suggests that endogenous opioidergic dysfunction may be involved in the mechanism of perpetuation of, and relapse to, cocaine addiction, and reinforces lines of inquiry into novel pharmacological treatments. Corticotropin-releasing factor antagonists have been demonstrated to attenuate stress-induced drug-seeking behavior (Shaham et al. 1998 ) as well as IV cocaine self-administration (Goeders and Guerin 1998) in animal models. In addition, kappa opioid agonists, which may be acting to modulate cocaine-associated alterations in dopaminergic function, as well as alterations in HPA axis function, have been shown to affect cocaine self-administration and reinstatement of self-administration stimulated by cocaine exposure after a period of abstinence (Schenk et al. 1999) .
Intriguingly, the partial mu agonist/kappa antagonist buprenorphine has been demonstrated to block cocaine-induced euphoria and increases in ACTH (Mendelson et al. 1992b) . Although buprenorphine has proved to be a useful addition to methadone and l-␣-acetylmethadol (LAAM) in the pharmacotherapy of opiate addiction, and may be capable of maintaining the normalization in HPA axis function associated with long-term methadone treatment (Kosten et al. 1992) , its optimal role in treating opiate addiction is still being established, and there have been mixed results regarding its efficacy in reducing co-morbid cocaine addiction (Strain et al. 1994; Compton et al. 1995; Schottenfeld et al. 1997) . Further understanding alterations in stressresponsive systems and their interactions with opioidergic function may, therefore, aid continued progress toward the development of novel pharmacotherapies for cocaine and opiate addictions.
